Quantum dots (QDs) interacting with confined light fields in photonic crystal cavities represent a scalable light source for the generation of single photons and laser radiation in the solid-state platform. The complete control of light-matter interaction in these sources is needed to fully exploit their potential, but it has been challenging due to the small length scales involved. In this work, we experimentally demonstrate the control of the radiative interaction between InAs QDs and one mode of three coupled nanocavities. By non-locally moulding the mode field experienced by the QDs inside one of the cavities, we are able to deterministically tune, and even inhibit, the spontaneous emission into the mode. The presented method will enable the real-time switching of Rabi oscillations, the shaping of the temporal waveform of single photons, and the implementation of unexplored nanolaser modulation schemes. Published by AIP Publishing. https://doi.org/10.1063/1.5026803
Quantum emitters (QEs) interacting with confined electromagnetic fields inside optical cavities represent a versatile system able to provide single-photons on-demand, which are crucial resources in photonic quantum simulators, 1 optical quantum computers, 2 and quantum networks. 3 Solid-state versions of the system-e.g., quantum dots (QDs) in photonic crystal cavities (PCCs)-ensure a good degree of scalability as they are easily integrated with photonic structures with complex functionality. 4 Indeed, spontaneously emitted single-photons can be efficiently extracted from a nanocavity mode interacting with one exciton, 5, 6 while integrated beamsplitters and phase shifters can provide the photon routing inside the chip. 7 The small size and high radiative rates achievable in PCCs, while potentially advantageous, also pose practical challenges in their application. In particular, achieving a full control of radiative processes, as realized in microwave cavity quantum electrodynamics (c-QED) systems, 8 is difficult in PCCs due to their sub-micrometer size. Previous approaches to the dynamic control of c-QED, including the modulation of the cavity-emitter detuning 9, 10 and the tuning of the mode properties, 11 were also associated with a phase modulation of the produced photons (chirp), which has negative effects on the application in quantum networks 12 and classical communication systems. 13 The parameter that quantifies the interaction between a QE and a target cavity mode within the dipole approximation is the emitter-photon coupling rate g, defined as 14 
g¼d
ÁẼðr em Þ h ;
whered represents the dipole moment of the transition and Eðr em Þ is the electric field per photon that the emitter experiences at its positionr em . As g explicitly appears in the expressions for the period of Rabi oscillations and the spontaneous emission (SE) rate, it represents the fundamental parameter underlying all emission processes. However, in single nanocavities, the rate g is challenging to control since it depends on static quantities as in Eq. (1). Coupled optical modes (or supermodes [15] [16] [17] [18] [19] [20] [21] [22] [23] ) originated by the interaction of multiple cavities offer a way to nonlocally control the field amplitude EðrÞ in one resonator by acting on the others, effectively changing the rate g via Eq.
(1). The proof of principle of this approach has been reported in Ref. 11 , where the ultrafast control of the SE rate has been achieved in a two-cavity system. However, a limited g tunability (up to a factor ffiffi ffi 2 p ) and the aforementioned chirp limit the field modulation when using two cavities. 11 An approach to overcome these limitations, recently proposed in Ref. 20 , relies on an array of three coupled cavities, where an antisymmetric detuning of the outer cavities produces a large change in the field of the supermode inside the third (target) resonator without changing its frequency. [21] [22] [23] Such a system allows the control of the single-photon temporal waveform and the Rabi oscillations in real time, with a modulation speed that solely depends on the detuning technique. 20 Here, we experimentally implement this concept and demonstrate the full control of the SE of an ensemble of semiconductor quantum dots (QDs) integrated within three coupled cavities. By exploiting the supermodes of the system, we are able to deterministically tailor the mode field experienced by the emitters inside a target cavity, modulating the SE rate from the uncoupled limit to full inhibition.
The system is sketched in Fig. 1(a) . A QE represented as a two-level system is weakly coupled to the mode of the target cavity (frequency t , loss rate j t ) at a rate g t , and spontaneously emits photons into this mode at a rate U t ¼ 4g t 2 =j t 24 when the cavity is isolated. Two tuneable cavities (loss rates j l ; j r ) are then side-coupled to the target cavity at a rate g, which is large enough so that the cavities are strongly coupled. Here, we specifically assume that g > j l ; j r ; j t; ; c em (where c em is the emitter's spectral linewidth) so that the supermodes are spectrally well separated and the emission into a single mode can be identified. The resonance frequencies of the lateral cavities are blue-shifted and red-shifted 
where a r;l;t ðDÞ quantify the weight of the original modes in the central supermode. For QEs in the target cavity, E lr em ð Þ¼ E rr em ð Þ¼ 0, and therefore a t ðDÞ determines the emitter-photon coupling rate in the target cavity via gðDÞ ¼ a t ðDÞ Á g t . 20 The SE rate of the QE into the coupled mode becomes U D ð Þ ¼ 4g 2 ðDÞ=jðDÞ, where jðDÞ represents the loss rate of the considered supermode, given by
In the uncoupled limit [ Fig. 1(c) ,
supermode effectively dark. Therefore, the absolute value of gðDÞ, as well as U D ð Þ , can assume every value from the uncoupled case to be zero in a controllable way, with the only experimental requirement of tuneable resonators.
The scheme discussed has a general nature and it is applicable to several experimental implementations, ranging from superconducting circuits to novel opto-mechanical schemes. 24 In this work, the g-tuning is achieved by using PCCs and an ensemble of self-assembled QDs as QEs. The resonances in PCCs can be controlled by several methods including the thermo-optic effect, 26 the injection of free carriers 27 or the all-optical Kerr effect. 28 In this work, we exploit the thermo-optic effect, which is based on the temperature dependence of the GaAs refractive index and therefore allows the local detuning of the cavity resonances via heating induced by laser irradiation. Figure 2 (a) shows the photonic structure, which consists of an L3 cavity (three missing holes in a hexagonal lattice) evanescently coupled to other two longer L100 resonators. The positions and radii of two holes along the L3 cavity are modified to reduce the loss rate [ Fig. 2(a)-bottom] . 29 Two laser beams [blue spots in Fig. 2(a) -top] with power P l and P r , respectively, provide the thermal tuning of the resonances. These spots cause an excitation of the QDs in the lateral cavities, but due to their distant position (%30 lm) from the excitation spot, the resulting photon emission is not directly collected. Additionally, air trenches are included in the system to thermally isolate the target cavity from the other ones, and to avoid excessive diffusion of the produced heat which would reduce the effective tuning range. The coupling discussed in this work involves the fundamental mode of the L3 cavity and two Fabry-Perot-like L100 modes, whose frequencies are sufficiently far away from the band edge to avoid localization, which may occur due to the combination of disorder and reduced group velocity. 30 Figure 2(b) shows the normalized in-plane electric field profile jE norm j distributed along the cavities at the frequency of the central supermode, obtained via a two-dimensional (2D) finite element method (FEM) simulation. In the uncoupled cavity limit (left), most of the field is localized inside the L3 cavity, while the smaller field amplitude present in the L100 is due to finite detuning. At zero detuning (right), the electric field redistributes in the lateral cavities, causing a suppression of jE norm j in the L3. The residual amount of field present in the target cavity at zero detuning is due to the evanescent fields of the L100 modes penetrating into the L3 resonator [ Fig. 2(b)-right] . At the center of the latter cavity, the residual field is %2:5Ã10 À4 times the field at large detuning (D/g ¼ 3.08), and this ratio can be further decreased by engineering the intercavity distance.
The fabricated sample consists of a 220 nm-thick GaAs membrane with one layer of self-assembled QDs (an areal density of 200 dots/lm 2 , ground-state emission at 1200 nm at 77 K) embedded in its center. The fabrication of the device involves a dry etching of the PhC holes in the GaAs membrane and wet etching of the underlying 1.5 lm-thick Al 0:7 Ga 0:3 As sacrificial layer. 31 In the first part of the experiment, the light emission spectra from QDs are analysed by means of a confocal micro-photoluminescence setup, which has been modified to allow the presence of the detuning spots (k ¼ 640 nm, P max % 6 mW) on the sample. The tuning range achievable with these spots is approximatively 0:3 THz/mW. The QDs are non-resonantly excited by a different laser (k ¼ 780 nm, spot diameter % 2 lm) through a microscope objective and the resulting photoluminescence (PL) is analysed with a spectrometer (focal length 1 m) combined with an InGaAs detector array. All measurements are performed at 77 K to limit the impact of the QD homogeneous broadening, which reduces the emission into the cavity mode due to poor cavity-emitter spectral overlap. 32 In the experiment, the powers of the detuning lasers were chosen to bias values P l and P r in order to initially set the L100 resonances at two frequencies, l0 and r0 , close to the situation of opposite detuning with respect to the L3 one. In this nearly uncoupled condition, the measured linewidths provide the loss rates of the uncoupled cavities: j l ¼ 0.047 THz, j r ¼ 0:053 THz, and j t ¼ 0:034 THz. Then, for the n-th acquired spectra, P l and P r were increased (decreased) by the same amount DP from their respective bias point, so that P l ¼ P l þ n DP and P r ¼ P r À n DP. Figure 3(a) shows a PL color-map obtained by collecting several spectra at different powers P l and P r , where P l is shown on the left axis. Seven peaks are presents in the considered spectral region, and we interpret the three central peaks (labelled with 1, 2, and 3) as the supermodes of the coupled L100-L3-L100 system, since they anti-cross at zero detuning as expected. The other four lateral modes are L100 resonances that cross at zero detuning, showing that the L100 cavities couple only via the L3 one. We note that the emission of the detuned L100 cavities is observed due to the finite size of the excitation/collection spot, which partially overlaps with the lateral cavities.
At the anti-crossing point, the peculiar feature of the three-cavity system, the dark mode, is observed as a disappearance of the central PL peak, shown in more detail in Fig.  3(b) (red dots) . The same anticrossing behaviour is observed when collecting the PL from one of the lateral cavities, but in this case, as expected, the central supermode does not become dark at resonance [ Fig. 3(b), blue dots] . The presence of the dark state in such systems has been observed via transmission measurements in microring-based devices with controllable intercavity coupling, 33 and via near-field spectroscopy in two-dimensional PCCs. 21 Our measurement proves that the dependence of the mode field on the detuning can be used to tailor the light-matter interaction in the target cavity.
The L100 frequency shifts per power step D l=r =DP of the left/right L100 modes in Fig. 3(a) slightly differ in the absolute value, and this causes a small deviation from the ideal detuning symmetry (in these measurements D l =DP ¼ À1:03 Á D r =DP). In order to consider the possibility of asymmetric detuning, we define D as D ¼ ð l À r Þ=2.
As expected, the frequency of the central supermode is nearly unaffected through the entire tuning range. The small dispersive behaviour around the anticrossing point can be explained by small asymmetries in the intercavity coupling due to fabrication imperfection and in the aforementioned difference in the tuning rates. In particular, the experimental coupling rates g l and g r that characterize the L3-L100 interactions, obtained from two-mode anticrossing measurements when the mode of the other L100 cavity is detuned away from the interaction, are equal to g l ¼ ð0:04660:001Þ THz and g r ¼ ð0:05360:001Þ THz. However, this dispersive behaviour of the central mode, which is potentially detrimental for applications that require dispersion-free resonances, can be compensated by properly changing the values of the detuning slopes D l=r =DP.
The black dashed lines in Fig. 3(a) represent the supermode frequencies calculated with CMT analysis (right yaxis), which well reproduce the measured spectra when the experimental asymmetric coupling and detuning rates are taken into account. Although the PL data in Fig. 3 clearly shows the suppression of SE in the dark mode, it is not trivial to relate the changes in the PL intensity to the rate gðDÞ. Indeed, the measured PL intensity is not only related to gðDÞ, but also depends on the collection efficiency, which changes with the detuning due to field variations. Therefore, extracting the SE rate from the QD decay rates is required to quantify the changes in g D ð Þ . The decay dynamics of the QDs are measured via a time-correlated single-photon counting (TCSPC) experiment by using a pulsed laser (k ¼ 760 nm, a repetition rate of 80 MHz, a pulse width of 70 ps, and average power of 1 lW) as excitation and a superconducting single-photon detector (SSPD 34 ). The PL signal was filtered at the central supermode frequency by using grating of the spectrometer as a filter (full-width half-maximum % 0.02 THz). Figure 4 (a) shows a comparison of the relevant decay curves. Away from photonic structures, the QDs are characterized by a radiative decay s bulk ¼ ð0:8960:02Þ ns, similar to previously reported values of InAs QDs emitting at 1300 nm. 35 The emission into the leaky modes of the photonic crystal (black curve), measured away from the cavity, has a decay time s leaky ¼ ð2:4560:10Þ ns. The decay time s À0:28 THz ¼ ð0:6160:02Þ ns of the QDs in the target cavity for large detunings (green curve) shows an increase in the photon emission rate that indicates a Purcell-enhanced emission. As the detuning is reduced, the SE rate decreases as expected. The data corresponding to D ¼ À0:08 THz (blue curve) display a decay time s À0:08 GHz ¼ 1:1460:03 ð Þns that is longer than s bulk , which indicates inhibition of lightmatter interaction. Around zero detuning, the reduced PL intensity shown in Fig. 3(a) together with the residual PL collected from the lateral cavities, makes the measurement of the QD emission rate into the central supermode impossible. Indeed, the PL collected from the lateral cavities becomes dominant with respect to the reduced PL intensity produced by the QDs inside the L3 resonator around D ¼ 0. To confirm that the observed change in radiative lifetime is related to field tuning, several curves are measured at different detunings, and the SE rates in the cavity mode are derived from the decay times s D as U D ð Þ ¼ 1=s D À 1=s leaky . The obtained values [ Fig. 4(b) ] are fitted with the relation UðDÞ ¼ 4g 2 ðDÞ=jðDÞ. Here, we set gðDÞ ¼ g t Áa t D ð Þ and calculate the a t D ð Þ and jðDÞ values with the CMT model with the experimental loss, coupling, and detuning rates obtained from the spectra in Fig. 3(a) , so that g t represents the only free parameter. The good agreement between the data and the fit in Fig. 4(b) indicates that the emitter-cavity interaction rate can be tuned between the uncoupled cavity limit, g t ¼ 3:65 GHz, and a minimum value close to zero. The interaction rate at resonance can only be due to the residual field at zero detuning (which produces a coupling estimated as %2:5 Ã 10 À4 g t ), and to imperfect experimental control of the detuning. From the calculated a t ðDÞ dependence, we estimate that a control of the detuning within D max ¼ 0:001 THz is for example needed to keep g < 10 À2 g t . The detuning can be monitored by fitting the PL peaks from the lateral cavities and its control is ultimately limited by the signal-tonoise of this measurement and the stability of the pump laser.
In conclusion, we demonstrated a mode field modulation in a three-cavity system that allows complete control of the light-matter interaction inside the target resonator. Spectral-and temporal-resolved analysis of the PL showed controllable tuning of the emitter-photon coupling rate g, while the dispersion-free nature of the dark mode prevents frequency variations of the emitted photons. Combined with ultrafast tuning techniques, 27, 28 these features open the way to the control of Rabi oscillations in real time and to the shaping of the temporal waveform of single photons in the %100 ps timescale. An additional exciting perspective is the control of the cavity-emitter dynamics around the exceptional point.
